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Abstract: Connected and automated vehicles (CAVs) can enhance traffic safety considerably. How-
ever, as CAVs are currently under development, the safety impact cannot be assessed directly. In this
study, driver-managed passenger car crashes with fatalities in Finland were investigated qualitatively
to evaluate the needed features of the CAVs to avoid these crashes. The focus was on single-car
crashes and collisions between passenger cars, in which the immediate risk factor was a driving
error (n = 48). Most of the analysed crashes (33 of 48) were due to loss of control with typically
adverse weather or road conditions. To avoid these crashes, a CAV should be able to adjust its speed
according to the conditions. In 13 of 48 crashes, the car was under control prior to the crash. A
reliable capability to recognize other road users is an important CAV feature, because observational
errors were common in these cases. In addition, communication between the vehicles could assist in
avoiding intersection crashes and crashes caused by a sudden change in weather conditions. This
study increases knowledge on crashes related to driving errors and the needed features of CAVs to
avoid these crashes. In particular, CAVs’ feature to adjust the speed is important, because cases of
loss of control in adverse weather or road conditions were typical events.
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1. Introduction

Growing passenger and freight transport volumes make it more difficult to achieve the
sustainable development goals [1,2]. In the future, one solution will include vehicle automa-
tion and new mobility services (e.g., shared mobility), which aim to make road traffic more
efficient and sustainable while providing individuals seamless journeys without owning a
car [3,4]. In addition to these potential impacts of vehicle automation, safety promotion is
one of the most important predicted impacts of automation in road traffic [5]. Companies
(e.g., Waymo [6]), researchers (e.g., Fagnant and Kockelman [7]), and authorities (e.g., the
U.S. Department of Transportation [8]) have stated that highly automated or connected
and automated vehicles (CAVs) will enhance road traffic safety. These vehicles represent
SAE [9] level four or five. The C in the CAV; i.e., connectedness, refers to technologies
enabling communication between all contributing agents or stakeholders, including pedes-
trians, authorities, vehicles, and infrastructure [10], and can be implemented, for example,
in intersection control and collision-free navigation [11]. The different stakeholders assume
that CAVs will reduce the number of crashes. The thought has been that most crashes
could be avoided by CAVs, as about 95% of the current crashes are caused by human
errors [12,13]. However, data-based evidence on CAVs’ potential safety impacts is deficient,
because there is no data on advanced CAV operation in different traffic environments and
conditions [14]. We especially lack information on the vehicles’ ability to operate in diverse
conditions [15]. In addition, the claims that human errors caused the crashes, and that
these crashes could be avoided by implementing CAVs, have been criticised [16].

Speeding, intoxicants, the driver’s health, etc. are typical driver-related background
risk factors in fatal crashes [17]. When human drivers are replaced by CAVs, many crashes
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are theoretically avoidable, assuming the CAVs are able to operate at least as safely as
human drivers, and that the driver-related risks are removed when CAVs manage the
driving task. There are, however, crashes in which the immediate risk factor is a driving
error, but there are not obvious driver-related background risk factors present. These
crashes may be challenging to avoid by CAVs, and hence, they should be studied from the
perspective of CAV operation to support technology development and CAVs’ operational
capabilities; e.g., in different weather conditions and complex traffic environments. In this
study, we focused on CAVs’ possibilities and needed operational requirements to avoid
crashes caused by driving errors.

We analysed data on Finnish in-depth investigated crashes to qualitatively explore
the actual crashes in which a driving error was the immediate risk factor, and what kind of
actions would have been needed to avoid these crashes if CAVs were involved in a similar
scene instead of driver-managed passenger cars. The focus was solely on crashes with
driving errors, because the CAVs should be able to avoid the identifiable driver-related
risks (e.g., speeding and intoxicants) when operating in fully autonomous mode, and
thus also avoid the crashes. We considered that focusing on these crashes would provide
the most relevant findings from the perspective of CAVs’ safety potential, as the needed
features or actions of the CAV were not apparent in these crashes. By analysing real-world
crashes, we sought to identify the observations and actions that CAVs should take to avoid
them. The research questions were:

1. What are the key characteristics of the fatal passenger car crashes in which a driving
error was the immediate risk factor?

2. What kind of operational capabilities should the CAVs have, and what actions should
they take to avoid the crashes caused by driving errors?

In the next section, previous studies on CAVs’ safety impacts are presented. The
methods and data of this study are described in Section 3, and the results in Section 4.
Sections 5 and 6 present a discussion and our conclusions.

2. CAVs’ Safety Impact

One of the most cited studies on the safety impacts of CAVs, by Fagnant and Kock-
elman [7], states that crashes could be reduced by 90% in the United States with a CAV
market penetration rate of 90% due to the vehicles’ impact on removing human errors.
There is a need for specific analyses related to the removal of human errors in order to eval-
uate how CAVs should operate in different traffic situations and safety-critical situations.
Related to the claim by Fagnant and Kockelman [7], it is worth noting that CAVs’ market
penetration is not expected to reach 90% for a long time [18]. Removal of all human errors
could be possible in an ideal world, but at the current stage of CAV development, human
errors could be replaced by system errors. However, the safety potential of CAVs is built
on the assumption that the system errors would not be as common as human errors in the
current driver-managed vehicles, but their error-free operation is not easy to guarantee.
For instance, a deficient safety-management system was reported to be one of the reasons
leading to a fatal crash between an Uber car, which was operated by a developmental
automated driving system, and a pedestrian in the United States in 2018 [19]. In addition,
several Tesla crashes with partial automation have been reported [20], which highlighted
the challenges of automated driving and the problematic human–machine interface at the
current stage of development.

CAVs may not have a great impact on fatal crashes in the near future, because the
majority of the fatal crashes are situated on rural roads excluding motorways in the EU [21].
These roads are probably relatively challenging traffic environments for new technology.
In the longer term, connected vehicle technologies between vehicles (V2V) or between
vehicles and infrastructure (V2I) could support CAVs operating in all traffic environments
or conditions [14]. For instance, V2V and V2I technologies could warn about approaching
vehicles at intersections or changing weather conditions [22]. Connectivity has been
assessed to be a notable factor in ensuring automated vehicle safety [23].
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Recent studies have typically simulated and modelled CAVs’ potential operation to
evaluate the potential safety impacts. Several studies have focused on some specific traffic
environment or intersections, such as roundabouts [24,25], other intersection types [14,25],
motorways and freeways [26,27], or other urban and rural road areas [28–30]. Several of
these studies evaluated the safety impacts with different CAV market penetration rates,
which enabled studying the potential safety impacts of mixed traffic consisting of both
CAVs and driver-managed vehicles. It should be noted that most of the previous studies
evaluated changes in the amount of conflicts instead of crashes. Some studies (e.g., [31–33])
evaluated the safety potential of a wide set of driver-assistance systems, which link with
the operational capabilities of a CAV at some level, albeit the driver is responsible for the
driving task. These studies are typically based on applying evaluation of the average safety
potential of the systems, which have been identified in previous research.

According to simulation studies and studies combining the impacts of several driver-
assistance systems, 19% [29] to 100% [25] of the light vehicle crashes or conflicts in specific
traffic environments could be avoided by CAVs with a penetration rate of 90–100%. In
the study by Tafidis et al. [29], in which rear-end, crossing, and lane-change conflicts were
studied in an urban area, conflict-reduction potential of CAVs was lower compared to
that found in other studies. The lower safety potential may indicate that urban areas are
more challenging environments for CAV operation. However, Morando et al. [14] and
Virdi et al. [25] found that conflicts could potentially be reduced by 64–98% at roundabouts
and 48–65% at signalized intersections with a market penetration rate of 90% or more. On
motorways and freeways, a rear-end risk or the number of conflicts could theoretically
be decreased by 90–95% [26,27], which highlighted the high safety potential in more
straightforward traffic environments. Overall, the conflict or crash reduction potential
ranged from 33% to 46% for several driver-assistance systems [31], and was up to 100%
when the reduction potential of CAVs’ conflicts in priority intersections was considered [25].
While the previous studies suggest promising results on CAVs’ safety impact, the range of
the estimated crash or conflict avoidance potential is wide, which is probably due to the
variety of traffic situations and lack of data on the actual operation of CAVs. In addition,
the impact of a human operator on safety is still unsure; i.e., if the operator is not ready to
answer a take-over request [34].

Previous studies involving potential safety impacts have mostly simulated and mod-
elled a CAV’s hypothetical operation. Simulation and modelling enable studying the safety
impacts in a specific research area (e.g., an intersection or a small city area), including
the evaluation of future crashes and conflicts. However, the results of the simulation
studies depended highly on the defined CAV parameters [29]. Currently, CAVs’ operating
procedure is not known precisely enough, as data are not available on advanced CAVs’
actual operation [28].

In the simulation studies, CAVs may have been determined to operate more cautiously
than manually driven vehicles. For instance, the CAVs have been modelled to accelerate
more slowly and to be more willing to wait in a queue rather than to aggressively merge
into another lane [35]. The described behaviour may be needed to ensure CAVs’ safe
operation. To support the development of CAVs and evaluation of the results on their
safety potential, this study discusses the different features and operational capabilities of
the CAV that are needed to prevent crashes.

3. Materials and Methods

In this study, we analysed CAVs’ potential to prevent passenger car crashes in which
driving error was the immediate risk factor. For study purposes, we received in-depth
investigated crash data from the Finnish Crash Data Institute. The data included crash
descriptions and descriptive factors on the crashes based on the investigations by multidis-
ciplinary crash investigation teams. The investigation procedures have a long history in
Finland, and since 2001, in-depth investigations of fatal road crashes have been mandated
by law [36]. The data included all fatal passenger car crashes (n = 249) that had occurred in
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Finland in 2014–2016. Crashes in which a motor vehicle other than a passenger car was
involved, or that involved a cyclist or pedestrian, were excluded from the analysis. Thus,
the analysed data included single-car crashes and collisions between passenger cars.

As we focused on the crashes in which the immediate risk factor was a driving error,
we excluded the crashes in which the driver’s physical condition or health was identified as
influencing the crash outcome in the analysis. The analysis regarding the driver’s physical
condition in the crashes was made by crash investigation teams based, for example, on
medical data (attack of illness) and the overall crash assessment, including interviews of the
witnesses, persons involved, and their family members (in intentionally caused crashes).

Out of the original data set (n = 249), crashes due to a driver’s attack of illness (n = 63),
intentionally caused crashes (n = 19), and crashes due to decreased alertness (n = 18) were
excluded (see Figure 1), because these driver-related risks can assumedly be removed by
CAVs. Additionally, as the scope was the crashes in which the driver had obeyed the law,
we excluded the crashes in which the driver had been speeding excessively (more than
20 km/h over the speed limit) (n = 93) or drove under the influence of alcohol or drugs
(n = 81), because CAVs would likely operate differently in these cases, and would likely
enable avoiding the crash. Our criterion related to excessive vehicle speed was comparable
to the Finnish study by Kelkka and Toivonen [37], in which it was defined that crashes
occur in typical or normal traffic conditions, when the speed limit is not exceeded by more
than 20 km/h in rural roads. The limit for blood alcohol content is 0.05% in Finland, and
we used this as the threshold value for driving under the influence of alcohol. For driving
under the influence of drugs, we used the value given by the investigation team (yes/no).
The final data consisted of 48 fatal crashes including 20 head-on, 18 single-car, 8 intersection
and 2 rear-end crashes, which were analysed separately, as these differ in their natures.
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Figure 1. The management of the research data and the data in the four analysed crash types.

The analysis was based on qualitative evaluation of the available in-depth investigated
crash data and considered each crash case individually; i.e., case-by-case. When analysing
the crash data, the events prior to the crash were evaluated, as well as the immediate risk
factor, which described the cause of the crash. The immediate risk factor is the factor that
actively influenced the occurrence of the crash (e.g., a steering error). The immediate risk
factor is dissimilar from the background risk factors (e.g., driving under the influence
of alcohol), which enable the occurrence of the immediate risk factor. Of the variables
in the data, “pre-crash event” described the change in the normal flow of the traffic,
which enabled the occurrence of the crash (e.g., the vehicle’s movement into the oncoming
lane). In addition, variables of the car’s motion in the pre-crash event (e.g., the vehicle
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curved left) and the control of the car in the pre-crash event (e.g., loss of control without
braking) were considered. The variables and framework of the study are presented in
Figure 2. Characteristics of the crashes and variables used in the analysis are presented in
Appendix A, and the different crash types in Appendix B.
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Figure 2. The variables considered in the analysis of crash data and crash avoidance, and characteris-
tics of an example crash.

With the crash data, we were able to investigate the occurrence of the crash, and what
features and actions should be considered in the capabilities and operation of a CAV in
order to prevent the crash. In addition, we investigated the potential benefits of connected
vehicle technologies in the avoidance of crashes. In the analysis, we evaluated whether
information on changes in weather conditions, road-surface slipperiness, approaching
vehicles at intersections, or oncoming traffic in the same lane in case of an overtaking
would be necessary for crash avoidance.

Figure 3 presents the different immediate risk factors and the states of a car’s control
in the pre-crash events, which had been identified by the crash investigation teams in
the analysed crashes. Altogether, 11 different immediate risk factors were recognized, as
well as three states of the car’s control, which are marked as A (loss of control), B (under
control), and C (not steered). In addition, the evaluation of the actions a CAV should
take to avoid the crashes are presented. For instance, loss of car’s control (A) may have
been caused by several immediate risk factors, such as a wrong driving path or a steering
error. While all risk factors in the analysed crashes related to driver errors, diverse actions
would be needed to prevent these crashes by a CAV, because the driving errors have been
different. For instance, reducing speed could be a typical measure to prevent loss of a car’s
control, but it is not the only measure that is needed. The following actions or features of
the CAV were recognized as necessary to prevent the analysed crashes, including different
combinations of immediate risk factors, state of the car’s control, and other circumstances:

1. CAV operates without steering or judgment errors.
2. CAV manages to keep the car on the right lane.
3. CAV takes the weather conditions into account and adjusts the speed (to a safe speed)

according to the weather conditions in each road section.
4. CAV overtakes only when overtaking can be conducted safely.
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5. CAV is always 100% operational.
6. At intersections, CAV recognises the approaching car and assesses the right and safe

moment to go straight or turn.
7. CAV operates without observation errors for the other cars’ movements.
8. CAV manages to follow digital lane markings (the availability of high definition maps

as a prerequisite).
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Figure 3. The linkage between the immediate risk factors and the state of a car’s control in a pre-crash event, and a
description of potentially needed features and actions to prevent crashes by CAVs with different combinations of the
immediate risk factors and pre-crash events.

An analysis related to the evaluation of different crash types is depicted next. In
head-on and single-car crashes, the car drifted into the lane of opposite running direction
(head-on) or off the road (single-car). The control of the car was observed prior to the
lane departure. In head-on and single-car crashes, it is essential to identify the risk factors
leading to the lane departure, and how this could be avoided by a CAV.

In intersection crashes, the at-fault driver (e.g., the driver with an obligation to yield)
did not recognize another involved car at all or early enough to avoid the crash. We
assessed the possibilities of the at-fault party (CAV in the analysis) to avoid the crash,
because the possibility of the other involved party to prevent the crash was assumed as
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unlikely due to clearly higher speeds compared to the at-fault party in the studied crashes.
It was assumed that a CAV was able to recognize another involved CAV, when turning at
the intersection began or when the CAV was about to cross the intersecting lane, in the
case of going straight through the intersection. In reality, the CAV may have recognized
the other car approaching the intersection earlier, but this could not be confirmed using
the available crash data. As depicted in Figure 4, we conducted a time-to-collision (TTC)
analysis (1), in which TTC is the time distance between the trigger point and the collision
point. TTC represents the distance from the at-fault car’s perspective. The trigger point
is the location at which the at-fault car began to turn at the intersection, or entered the
intersection in the case of going straight through.

TTC =
X f

Vf
, (1)
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Figure 4. Visualisation of the distance to the collision point (Xf) from the at-fault car’s point of view
used in the TTC analysis when the at-fault car was going straight through the intersection (left figure)
or turning left (right figure).

The distance (Xf) is from the point the at-fault car (e.g., with the obligation to yield at
the intersection) began to turn or entered the intersection to the point at which the collision
occurred with the other involved vehicle (Figure 4). Vf is the speed of the at-fault car prior
to the collision.

In rear-end crashes, the driver of the rear-ending car did not recognize the rear-ended
car, or the driver had lost control of the car. In these cases, it was found that the CAV would
have been able to recognize the danger earlier, which would have allowed more time to
avoid the collision. We also assessed the actions needed to prevent loss of control of the
car, which led to the collision. In the analysis, we also used the variable of time distance
(e.g., when the driver recognized the danger). We assumed that the CAV’s sensor could
recognize the danger at the same moment that the driver had done so. By investigating
the immediate risk factor, it was possible to evaluate whether the CAV may have been
able to recognize the danger earlier than the driver. We evaluated the time distance of
the recognising moment that could have been possible if a driver-managed car had been
replaced by a CAV.

4. Results
4.1. Head-on Crashes

Head-on crashes were typically caused by a steering error (n = 11) or a wrong driving
path (n = 4). Regarding the pre-crash events, loss of control (A, n = 15) was the most
common (Table 1).
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Table 1. Characteristics of the 20 studied head-on crashes.

Immediate Risk Factor (Code
of the Crash Type in

Parentheses)

Control of the Car in the
Pre-Crash Event

Estimated Speed/
Speed Limit

(km/h)

Requirements
for CAV

V2V or V2I
Communication

Need

Incorrect observation on car’s
location on roadway, normal

conditions (20)

Loss of control (A) on curve
with braking NA/80 (2) No

Wrong driving path, normal
conditions (21)

Loss of control (A) on curve
without braking 60/60 (2) No

Wrong driving path, dark (21) Car was under control (B) until
the crash on curve 80/80 (2) No

Wrong driving path, wet road
surface and dark (20)

Car was under control (B) until
the crash on straight section 75/80 (2), (8) No

Wrong driving path, snowy
road surface, sleet (21)

Control was unknown on
curve 60/60 (3), (8) No

Wrong judgment on own
possibilities to proceed, snowy

road surface (21)

Loss of control (A) on curve,
braking status unknown 45/50 (3), (8) No

Wrong judgment on own
possibilities to proceed, icy

road surface, sleet (21)

Loss of control (A) on curve
after overtaking, braking

status unknown
110/100 (3), (4), (8) No

Steering error, normal
conditions (20)

Loss of control (A) on straight
section, braking status

unknown
100/100 (1) No

Steering error, wet road
surface, dark (20)

Loss of control (A) on straight
section, braking status

unknown
80/80 (3) No

Steering error, icy road surface,
tarmac (20)

Loss of control (A) on straight
section, braking status

unknown
70/100 (3), (8) No

Steering error, icy road surface,
dark (20)

Loss of control (A) on straight
section, braking status

unknown
80/80 (3), (8) No

Steering error, snowy road
surface, sleet (21)

Loss of control (A) on curve,
braking status unknown 75/100 (3), (8) No

Steering error, snowy road
surface, snowfall (20)

Loss of control (A) on straight
section, braking status

unknown
80/80 (3), (8) No

Steering error, snowy road
surface (21)

Loss of control (A) on curve,
braking status unknown 90/100 (3) No

Steering error, snowy and
locally icy road surface (24)

Loss of control (A) on curve
after overtaking, braking

status unknown
80/80 (3), (4), (8) On locally icy

conditions

Steering error, locally icy road
surface (20)

Loss of control (A) on straight
section without braking 80/80 (3), (8) On locally icy

conditions

Steering error, locally icy road
surface, fog, dark (20)

Loss of control (A) on straight
section, braking status

unknown
90/100 (3) On locally icy

conditions

Steering error, snowy road
surface (20)

Car was not steered (C) on
straight section 87/80 (5), (8) No

Other driving-related act,
snowy road surface, rainfall,

dark (20)

Loss of control (A) on straight
section, braking status

unknown
50/50 (3) No

Overtaking or approaching an
intersection without proper

anticipation, dark (23)

Overtaking and crash with a
car on lane of opposite

direction, car was under
control (B)

85/80 (4)
On the

whereabouts of
other cars

To avoid the studied crashes, several requirements for the operation of a CAV were
recognized. In 13 crashes, the CAV should have taken the weather conditions into account
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and potentially adjusted the speed according to the conditions to avoid the collision (action
3). In these cases, the driver lost control of the car, and weather conditions were adverse.
In two cases, the driver lost control after overtaking, and in one case, the driver hit the car
in the oncoming lane while overtaking. To prevent crashes in overtaking cases, the CAV
should ensure that the overtaking is safe. For instance, overtaking should be able to be
done at a safe speed, while obeying the speed limit and taking prevailing weather and road
conditions into account. In addition, real-time information on all oncoming vehicles via
communication systems would be needed to assist the CAV to recognize safe overtaking
situations. V2V or V2I communication would likely have helped to avoid four crashes,
because the CAV could have received information on locally icy conditions or oncoming
vehicles before beginning to overtake on two-lane roads. The information would help to
make the decision on whether it was possible to overtake safely or not. In 11 cases, the
location of the lane would have needed to be digitally determined (action 8), because the
painted lane markings were invisible or only partially visible.

4.2. Single-Car Crashes

Single-car crashes (Table 2) were typically caused by steering errors (n = 9) or incorrect
observations of the car’s location or wrong judgement on the movement (n = 6). Loss of
control of the car (A, n = 17) was identified as the pre-crash event in almost all crashes.

Table 2. Characteristics of the 18 studied single-car crashes.

Immediate Risk Factor (Code
of the Crash Type in

Parentheses)

Control of the Car in the
Pre-Crash Event

Estimated
Speed/Speed Limit

(km/h)

Requirements
for CAV

V2V or V2I
Communication

Need

Incorrect observation of car’s
location on roadway,

gravel-paved road (80)

Loss of control (A) on straight
section, braking status unknown 70/80 (2), (8) No

Wrong judgment on own
possibilities to proceed, snowy

road surface (84)

Loss of control (A) on curve
without braking 60/80 (3), (8) No

Wrong judgment on own
possibilities to proceed,

gravel-paved road, dark (81)

Loss of control (A) on straight
section, braking status unknown 90/80 (1), (8) No

Wrong judgment on own
possibilities to proceed,

gravel-paved road, dark (83)

Loss of control (A) on curve with
braking 80/80 (1), (8) No

Wrong judgment on own
possibilities to proceed,

gravel-paved road, icy road
surface, snowfall (83)

Loss of control (A) on curve,
braking status unknown NA/80 (3), (8) No

Wrong judgment on own
possibilities to proceed, normal

conditions (81)

Loss of control (A) on straight
section after overtaking, braking

status unknown
NA/80 (1), (4), (8) No

Steering error, snowy road
surface, snowfall, dark (84)

Loss of control (A) on curve
without braking NA/100 (3), (8) No

Steering error, wet road surface,
rainfall (81)

Loss of control (A) on straight
section, braking status unknown NA/100 (3) No

Steering error, icy road surface
(80)

Loss of control (A) on straight
section, braking status unknown 80/80 (3), (8) No

Steering error, icy road surface
(80)

Loss of control (A) on curve,
braking status unknown 75/80 (3), (8) No
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Table 2. Cont.

Immediate Risk Factor (Code
of the Crash Type in

Parentheses)

Control of the Car in the
Pre-Crash Event

Estimated
Speed/Speed Limit

(km/h)

Requirements
for CAV

V2V or V2I
Communication

Need

Steering error, wet road surface,
rainfall (84)

Loss of control (A) on straight
section, braking status unknown 120/120 (3) No

Steering error, icy road surface
(81)

Loss of control (A) on straight
section after overtaking, braking

status unknown
80/80 (3), (4), (8) No

Steering error, wet road surface
(80)

Loss of control (A) on straight
section, braking status unknown NA/60 (3) No

Steering error, icy road surface,
dark (84)

Loss of control (A) on curve,
braking status unknown 70/80 (3), (8) No

Steering error, normal conditions
(80)

Loss of control (A) on straight
section without braking 95/80 (1) No

Other anticipation-related act,
normal conditions (84)

Loss of control (A) on curve,
without braking 110/100 (1) No

Immediate error unclear, normal
conditions (84)

Loss of control (A) on curve,
without braking 90/100 (1) No

Other driver-related act,
snowfall (99)

Car was under control (B) until
the crash in parking area 20/30 (2), (8) No

To avoid the studied crashes, several requirements for the operation of a CAV were
recognized. In 10 crashes, the CAV should have taken the weather conditions into account
and potentially decelerated to avoid the collision (action 3). In these cases, the driver lost
control of the car, and weather conditions were adverse. In 12 crashes, lane markings
were invisible or only partially visible. The CAVs’ V2V or V2I communications were not
recognised to enhance the possibility of preventing the studied single-car crashes.

4.3. Intersection and Rear-End Crashes

In intersection crashes (Table 3), the driver with the obligation to yield did not recog-
nize the other involved car (n = 4) or made an incorrect observation of the other involved
car or traffic environment (n = 3). In all the intersection crashes studied, the car was under
the driver’s control (B), which reflected that the driver was not able to recognize the danger
at the intersection. According to the TTC analysis, the CAV would have recognized the
other involved car in a collision course at least 1.0 or 1.5 s before the crash in three cases,
and 0.5 s before the crash in another three cases, assuming that the other involved car
would not be recognised until it reached the intersection area. To avoid intersection crashes,
CAVs should be able to recognize approaching vehicles at intersections and assess the right
moment to proceed. V2V or V2I communication of the location of other cars would help to
recognise the danger.

Table 3 shows that to avoid a single rear-end crash due to an incorrect observation,
the CAV should be able to operate in adverse weather conditions and make adequate
and right observations on another car’s movement. In adverse conditions, vehicle speed
should likely be decreased. In this case, the TTC value was 2 s, but the driver was unable to
prevent the crash due to incorrect observation. In the rear-end crash due to loss of control
after overtaking, the driver was not able to prevent the crash due to loss of control, and
hence, it would be important to ensure that overtaking is safe following the speed limit.
V2V or V2I communication of the other car’s location would assist CAVs in preventing
these crashes.
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Table 3. Characteristics of the eight studied intersection crashes and the two rear-end crashes from the at-fault driver’s
point of view.

Immediate Risk Factor (Code of the
Crash Type in Parentheses)

Control of the Car in the
Pre-Crash Event

Estimated
Speed/Speed Limit

(km/h), TTC

Requirements
for CAV

V2V or V2I
Communication Need

Intersection crashes:
Driver did not recognize other

involved car, icy road surface (53)
Car was under control (B),

turning at intersection
10/80

TTC: 0.5 s (6), (8) On the whereabouts of
other cars

Driver did not recognize other
involved car, normal conditions (30)

Car was under control (B),
turning at intersection

15/80
TTC: 1.5 s (6) On the whereabouts of

other cars
Driver did not recognize other

involved car, gravel-paved road (40)
Car was under control (B), going

straight ahead at intersection
30/80

TTC: 1.0 s (6), (8) On the whereabouts of
other cars

Driver did not recognize other
involved car, wet road surface,

rainfall (40)

Car was under control (B), going
straight ahead at intersection

40/50
TTC: 0 s (6) On the whereabouts of

other cars

Overtaking or approaching an
intersection without proper

anticipation, wet road surface,
rainfall, dark (40)

Car was under control (B), going
straight ahead at intersection

30/50
TTC: 0 s (6) On the whereabouts of

other cars

Incorrect observation of traffic
environment, normal conditions (53)

Car was under control (B),
turning at intersection

20/50
TTC: 1.0 s (6) On the whereabouts of

other cars
Incorrect observation of traffic

environment, normal conditions (53)
Car was under control (B),

turning at intersection
10/100

TTC: 0.5 s (6), (8) On the whereabouts of
other cars

Incorrect observation of other
involved car, wet road surface,

rainfall (30)

Car was under control (B),
turning at intersection

10/100
TTC: 0.5 s (6) On the whereabouts of

other cars

Rear-end crashes:
Incorrect observation of other

involved car, snowy road surface,
sleet, dark (9)

Car was under control (B) until
the crash on a curve

80/80
TTC: 2 s (3), (7), (8) On the whereabouts of

other cars

Wrong driving path, normal
conditions (1)

Loss of control (A) on straight
section after overtaking, braking

status unknown

85/80
TTC: 0 s (4) On the whereabouts of

other cars

5. Discussion

One of the benefits of automated driving systems is that they can likely operate safer
in normal traffic conditions than humans, but if something extraordinary occurs that is
not programmed in the system, the system may not be able to handle the situation [38].
Therefore, it is important to learn about crash-related factors and needed features from the
investigations of the current crashes of driver-managed cars. In this study, we investigated
the immediate risk factors and state of car control in Finnish fatal passenger car crashes,
and evaluated what actions a CAV should take to avoid these crashes. We focused solely
on crashes in which a driving error was evaluated to be the immediate risk factor, and
other driver-related factors (e.g., a driver’s physical condition or an excessive speed) were
not identified to have an impact on the crash outcome. These other driver-related factors
can assumedly be removed by CAVs, and the CAVs would likely operate differently in
these cases than human drivers. Consequently, it was not necessary to analyse those cases.

Of the 48 analysed crashes, 33 (69%) were loss-of-control cases. In most of the loss-of-
control cases (n = 22), weather (e.g., snowfall) or road conditions (e.g., icy road surface)
caused challenging conditions to operate, and hence, the CAV should have been able to
adjust the speed according to the conditions of each road section (action 3) to operate safely
in these circumstances. In the analysed crashes, speeds were within the speed limit or
exceeded the limit by less than 20 km/h. This meant that in many cases with adverse
weather conditions, the safe speed was less than the speed limit. Crashes due to loss of
control were also identified in normal weather and road conditions, when other factors
along with a driving error were not typically identified. In normal weather conditions and
in loss-of-control cases, the avoidance of steering errors (action 1) and an ability to keep
the car inside the lane (action 2) would theoretically be simple to implement. However,
the road network is wide and versatile in Finland; e.g., it includes gravel-paved roads and
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multiple types of road infrastructure. It would probably take a significant amount of time
to develop driving automation that was able to operate in various conditions and versatile
road environments, which makes the solution much more complex. If a CAV is not able
to operate in all situations, the potential safety effects are not fully realized, which is also
the case when CAV market penetration rate remains low. Consequently, it is necessary to
develop CAVs’ abilities to operate in all conditions, or at least in as many as possible.

In 13 (27%) of the studied crashes, the car was under control during the occurrence of
the crash. In some of these cases, the immediate risk factor was a wrong driving path or
overtaking, but most of these cases were intersection crashes (n = 8), in which the driver did
not typically recognize the other involved car. We investigated the possibility of the CAV
to avoid intersection crashes with TTC analysis. In other studies [27,39], the threshold TTC
value was typically about 1.5 s, which reflected a high collision risk and when an automatic
emergency braking system should activate at the latest. According to the calculations and
assumed threshold value of 1.5 s, only one of eight intersection crashes could hypothetically
be avoided by a CAV. In a single rear-end crash due to an incorrect observation, the TTC
value was 2 s, and hence, the collision could potentially have been avoided by the CAV
if the CAV had been able to make correct observations. In the other rear-end crash, the
TTC value was 0 s, but the crash was due to loss of control after overtaking, which was the
primary factor to focus on instead of the TTC value.

Communication between the vehicles or the vehicle and the infrastructure is likely an
essential part of the successful implementation of CAVs [40]. In this study, it was found
that communication would help to avoid crashes when the weather conditions surprisingly
changed or when the other involved vehicle was not recognised in intersection crashes. In
total, it was found that in 14 (29%) of the 48 crashes, V2V or V2I communication would
have been a crucial factor for crash avoidance. Most of these cases (n = 11) related to
recognising the approaching car, or the danger at an intersection or in a rear-end accident.
Three cases related to site-specific icy conditions, in which information on the slippery road
surface would help to set a safe speed.

Current lane-keeping assistance systems in SAE level 2 are based on the recognition of
lane markings [41], but this seems not to be a safe solution to determine a CAV’s location
in the roadway, because the lane markings were not clearly visible or the markings did not
exist in 27 (56%) cases. Digital lane markings and high-definition maps (see, e.g., [42]) are
recommended as a solution to determine the location of a vehicle in order to extend the
operational capability of CAVs. However, the development of digital lane markings in the
wide road network may be a long process, and hence, this should be a supplementary way
to determine the lane position in addition to lane markings.

The exact parameters of advanced CAVs are not currently known, because connected
and automated driving systems are still under development. Consequently, previous
studies have made potentially varying assumptions on the operational capability of the
systems, which have probably led to wide-ranging results on the potential safety effects of
the CAVs. In this study, we aimed to disclose and discuss the factors that are critical in order
to avoid crashes of current driver-managed cars if the cars involved in the crashes were
replaced by CAVs. While the analysed crash data were based on in-depth investigations,
the provided results are not immediately applicable to the design and programming of
CAVs, because the results are not detailed enough. We identified four factors that are
especially important in the development of CAVs according to the analysed crashes:

• Loss of control of the car in an adverse weather condition is a typical pre-crash event,
and hence, speed should be adjusted according to the road and weather conditions. In
adverse conditions, the safe speed is likely lower than the speed limit.

• Crashes in which the car was under control or the car was not steered were typically
due to a driver’s incorrect observation or wrong driving path. In order to prevent
these types of crashes, errors related to observations of other road users and traffic
environments should be avoided. This is a challenging requirement, because fatal
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crashes occur in diverse traffic environments, including, for example, the lower road
network, in which some roads are gravel-paved.

• Communication technologies (e.g., V2V and V2I) are necessary in recognising possi-
ble conflicts and hazardous situations; e.g., at intersections and sudden changes in
road conditions.

• CAVs should be developed to follow digital lane markings or other digital data on the
location of the roadway, because the painted lane markings are an uncertain way to
assist the vehicle in keeping its supposed lane position.

Although we focused on the elimination of driving errors in this study from the per-
spective of CAVs’ safety potential, it should be noted that some other risk factors associated
with crashes were not automatically eliminated. For instance, factors related to the vehicle
or the road environment could still enable the occurrence of crashes when CAVs become
more prevalent [43]. It should also be noted as a limitation of this study that although the
immediate risk factors and other variables were based on in-depth investigations, some
factors may have been difficult to determine and investigate. Therefore, each variable could
not be considered as completely certain. In addition, although the number of analysed
cases was rather small, the data set enabled a qualitative analysis of each case and CAVs’
needed features, which is typically not possible in a quantitative research with a larger
data set.

6. Conclusions

We analysed needed features of CAVs to prevent actual passenger car crashes in
which the immediate risk factor was a driving error. We found that most of the analysed
crashes were due to loss of control. To prevent these crashes, CAVs should, for instance,
adjust their speed according to the road and weather conditions. Observational errors
were typical causative factors of the crashes in which the car was under control or the car
was not steered. A reliable capability to recognize other road users and risks in the traffic
environments is also an important CAV feature according to the analysis.

There is only limited knowledge on the needed features of CAVs to avoid actual
crashes in which a driving error was the immediate risk factor. This study increases
knowledge of the needed safety features of CAVs by learning from the previous crashes
of driver-managed cars. While CAV operation differs from human driver operation, the
analysis indicated potential key areas on which to focus in the development of CAVs in
terms of crash avoidance and safe operation. Hence, the results can assist car manufacturers,
technology developers, and companies, as well as public authorities, in pursuing safer
driving automation.

Future research should deepen the analysis of the needed features of CAVs, such as
the investigation of safe speed in cases due to a loss of control. Utilising a larger data set,
if and how a CAV could possibly avoid being in this kind of crash through safe actions
throughout its operations should also be studied. CAVs should also be tested in more
diverse traffic and road environments to learn more about the possibilities of operating
safely in those environments.
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Appendix A

Table A1. Circumstances and other crash-related factors of the 48 studied crashes.

Characteristics and Variables n = 48 % = 100%

Crash types
-Opposite directions (no turning) 20 42%

-Opposite directions (turning) 2 5%
-Single-car crashes: 17 35%

-Intersecting directions (no turning) 3 6%
-Intersecting directions (turning) 3 6%

-Same directions (no turning) 2 4%
-Other 1 2%

Action of the driver to prevent the crash
No action 18 38%

The driver tried to control the vehicle 12 25%
The driver decelerated 2 4%

Action was not possible to identify 16 33%

Road conditions
-Dry weather 18 38%

-Icy road surface 12 25%
-Snowy road surface 10 21%

-Wet road surface 8 17%

Weather
-Cloudy 19 40%
-Sunny 12 25%
-Rain 6 13%

-Snowfall 4 8%
-Sleet 4 8%
-Fog 1 2%

-Other/not available 2 4%

Lightness
-Daylight 27 56%

-Dim 8 17%
-Dark 13 27%

Time of day
-0:00–5:59 2 4%
-6:00–11:59 14 29%

-12:00–17:59 24 50%
-18:00–23:59 8 17%

At-fault car’s speed
-30 km/h or less 8 17%

-31–50 km/h 3 6%
-51–70 km/h 6 13%
-71–90 km/h 20 42%

-91–110 km/h 5 10%
-Not available 6 13%

Road surface
-Hard road surface 42 88%

-Tarmac 1 2%
-Gravel paved road 5 10%
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Appendix B

Visualisation of the different crash types among the analysed crashes.
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